Glycans have diverse functions and play vital roles in many biological systems such as influenza, vaccines, and cancer biomarkers. However, fully structural identification of glycans remains challenging. Glycan structure was conventionally determined by chemical methods or nuclear magnetic resonance spectroscopy which require a large amount of sample and is not readily applicable for glycans extracted from biological samples. Although it has a high sensitivity and widely used for structural determination of molecules, current mass spectrometry can only reveal parts of the glycan structure. Here we show the full structures of glycans, including diastereomers and anomericity of each monosaccharide and linkage position of each glycosidic bond, can be determined using tandem mass spectrometry guided by a logically derived sequence (LODES). This new method provides de novo oligosaccharide structural identifications with high sensitivity and was applied to automatically in situ structural determination of the oligosaccharides eluted by high performance liquid chromatography. We showed that the structure of a given trisaccharide from trisaccharide mixture and bovine milk were determined from near three thousand isomers by using six to seven logically selected CID spectra. The entire procedure of mass spectrum measurement guided by LODES can be programmed in computer for automatically full glycan structural identification, a goal that remains a great challenge in glycan analysis.
Introduction
The four basic categories of molecules involved in creating life are nucleic acids, proteins, glycans (carbohydrates), and lipids. Among these four categories, lipids have relatively simple structures that can be determined easily. Nucleic acids, proteins, and carbohydrates are macromolecules comprising of nucleotides, amino acids, and monosaccharides, respectively. These three categories of molecules have complex structures due to variations in the sequences and the subunits. Although methods used for elucidating the sequences and residue constituents of nucleic acids and proteins are available, there is yet a strategy for determining the structure of carbohydrates. 1 Glycans have been demonstrated to play important roles in many biological processes such as protein folding, cell-cell interactions, cell targeting and cell differentiation. [2] [3] [4] They act as binding and recognition sites for a variety of viruses and bacteria, 5 and are used in medicine such as carbohydrate-based vaccines 6 and anticoagulant. 7 Hence obtaining their complete structural information is necessary to 2 enable our thorough understanding glycan chemical and biological properties. However, there is no simple method with high sensitivity that can fully determine the structures of glycans.
Traditional analysis of oligosaccharides involves reduction and permethylation, followed by acid hydrolysis, borodeuteride reduction, acetylation, and then the identification of linkage positions and monosaccharide composition by a combination of GC and MS. 8 This procedure only provides linkage positions of the glycosidic bonds. Sequence of the linkages and anomeric configurations of the glycosidic bonds have to be determined by the other methods, e.g., enzyme digestion. 9 Many techniques, such as nuclear magnetic resonance (NMR) spectroscopy, [10] [11] [12] mass spectrometry (MS), [13] [14] [15] [16] infrared spectroscopy, [17] [18] [19] microwave spectroscopy, 20 32 electron capture disso-ciation, 33 and electron transfer dissociation, 34 post source decay of matrix-assisted laser desorption ionization), 35 ion mobility, 36 enzyme digestion, 37 or possible structural constrains of biological system (e.g., oligosaccharides in bovine milk usually have lactose at the reducing end) is required for structural determination. However, complete characterization of the glycan structure by MS remains difficult because of the numerous possible isomers of a given chemical formula 38 and the subtle differences between these isomers. The aforementioned methods either reveal only parts of the structures, or are limited to the few well-characterized oligosaccharides in MS libraries, or are time and sample consuming for completely structural determination.
In this study, a new MS method for the structural determination of oligosaccharides was demonstrated. Full structure, including linkage positions, anomeric configurations, and constituent of each unit monosaccharide can be determined. This method was applied to the in situ structural determination of the oligosaccharides eluted from high performance liquid chromatography. We showed that the structure of a given trisaccharide from trisaccharide mixture and bovine milk were determined from near three thousand isomers by using six to seven appropriately selected CID spectra. The structural determination procedure involves the dissociation of oligosaccharides into monosaccharides or disaccharides in an ion trap of mass spectrometer and the in situ structural identification of these monosaccharides and disaccharides by subsequent MS in the same ion trap. The complete structures of oligosaccharides are reconstructed from the structures of disaccharides and monosaccharides. This concept is simple, but the success of this method requires three key technologies. One is a method by 3 which the diastereomers and anomericity of each monosaccharide can be identified. We found the CID spectra of monosaccharide lithium adducts exhibit significant differences between α-glucose, β-glucose, α-galactose, β-galactose, α-mannose, β-mannose, N-acetylgalactosamine (GalNAc), and N-acetylglucosamine (GlcNAc). These monosaccharides can be differentiated by the CID spectra. The second crucial technology is the capability to differentiate the linkage position and anomeric configurations of glycosidic bonds connecting these monosaccharides. Studies have reported that the fragments produced from cross ring dissociation can be used to determine the linkage positions of glucose disaccharide lithium adducts. 39, 40 In this study, we extended the use of cross ring fragments to identify the linkage positions and anomeric configurations of disaccharides containing glucose, galactose, mannose, GalNAc, and GlcNAc based on the understanding of dissociation mechanism. [41] [42] [43] The third one is the capability to dissociate selective chemical bond and generate the chosen monosaccharide or disaccharide for subsequent structural determination. We have developed a procedure, namely logically derived sequence (LODES) for tandem MS, to generate the desired monosaccharide or disaccharide by collision induced dissociation of oligosaccharide sodium adducts. 44, 45 We extended the method of LODES to oligosaccharide lithium adducts in this study. These three key technologies are described in the subsequent paragraphs, followed by the applications of the new MS method to structural determination of oligosaccharides. 
Results and discussion
Identifications of monosaccharides calculations have revealed that the water elimination barriers of the O1 and O2 atoms in the cis configuration of the sodium adduct was substantially smaller than that in the trans configuration. 41, 42 We found lithium adducts have the similar properties. Therefore, the CID spectrum with high ion m/z 169 intensity, representing a high branching ratio in the dehydration reaction, can be assigned to the anomer that has the O1 and O2 atoms in the cis configuration (α-glucose, α-galactose, and β-mannose). Fig. 1 also shows that the CID spectra of the hexose dehydration products, 187→169→ fragments, are very different between these hexoses. For example, ion m/z 91 and 151 have the highest intensity for cis and trans configuration, respectively, and the relative intensities of ions m/z 81, 93, 97, 109, 111, 139, and 151 are very different between these hexoses. These CID spectra can be used to identify the constitution and anomeric configuration of hexoses. By contrast, CID spectra of GlcNAc shows significant difference from that of GalNAc, but no difference between α-and β-GlcNAc or α-and β-GalNAc was discovered. We could only distinguish GlcNAc and GalNAc but not the anomeric configuration of these HexNAc. The anomeric configurations of these HexNAc were determined using the disaccharide described in the next section. Details on spectrum identification and differentiation achieved through spectral similarity calculations are described in Supplementary Information. Additional CID spectra of 18 O labelled monosaccharides were measured and showed similar spectra. The CID spectrum of each anomer was measured immediately after the separation of two anomers by HPLC. The orange and blue bars surrounding each peak in the chromatograms represent the period in which the CID spectra were measured. The corresponding spectra are displayed in orange and blue, respectively. explained by the retro-aldol reaction. 39 Recent high-level quantum chemistry calculations 41, 42 confirmed that retro-aldol reaction starting from the O1 atom of the sugar at the reducing end is the dominant mechanism of cross-ring dissociation. This mechanism does not depend on the orientation of hydroxyl groups or the sugar at the non-reducing end. Consequently, we can extend this mechanism to explain the similar fragmentation patterns of hexose disaccharides (Hex-Hex) and HexNAc-Hex disaccharides 6 with hexoses at the reducing end, (e.g., GalNAc-Gal). These fragmentation patterns were used to determine the linkage positions.
Identifications of linkages
The α and β anomeric configurations of the sugar at the reducing end of disaccharides were not separated prior to CID spectrum measurement in the aforementioned studies. 39, 40 In the present study, the CID spectrum of each disaccharide anomer was measured immediately after the separation of anomers by HPLC. Our previous study 44, 45 on hexose disaccharide sodium adducts demonstrated that both the anomeric configurations of the glycosidic bond and the sugar at the reducing end can be determined using the relative intensities of glycosidic bond cleavage, dehydration, and cross-ring dissociation. We ascertained that a similar concept can be applied to hexose disaccharide lithium adducts. However, the differences of the relative ion intensities between anomers for hexose disaccharide lithium adducts are smaller than those of sodium adducts. Alternatively, we used the fragmentation patterns of hexose disaccharides to determine linkage positions in this study, but anomeric configurations were determined by the identification of monosaccharide anomericity. For
HexNAc-Hex disaccharide, the spectrum difference for disaccharide lithium adducts with different anomeric configurations of the glycosidic bond was clear, and the disaccharide database was used to determine the anomeric configuration. Spectrum identification and differentiation achieved through spectral similarity calculations. 
Logically derived sequences (LODES) for MS n
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A logically derived sequence (LODES) for CID tandem mass spectrometry was developed based on the understanding of the dissociation mechanisms of carbohydrate sodium adducts 44, 45 . This sequence can be used for generating the chosen monosaccharides and disaccharides for subsequent structural determination. It can also determine the branch locations and the linkage positions at the branch locations. The same LODES can be applied to lithium adducts because of the similar dissociation mechanisms. However, in the process of LODES, the first step is to generate the fragment by dehydration or cross ring dissociation at the reducing end such that B (or C) ions can be differentiated from Z (or Y) ions in subsequent dissociation. Our previous study 46 showed that dehydration and cross-ring dissociation from the non-reducing end of oligosaccharide lithium adducts were not negligible compared to sodium adducts; therefore, labelling of O1 atom of the sugar at the reducing end by 18 O is necessary for some oligosaccharides when lithium adducts are used.
The LODES employed for the structural determination is illustrated in Fig. 3 (2), MS 6 (1), and MS 4 (5) (Fig. 3(a) ). Other CID sequences can be used to crosscheck the structure. For example, the linkage between monosaccharide units 2 and 1 can be verified using MS 2 , and MS 6 (2) can be employed to confirm the structure of monosaccharide unit 3. A similar approach can be applied to trisaccharides containing HexNAc, as illustrated in Fig. 3(b) .
For practical applications, the CID spectra of these monosaccharide and disaccharide lithium adducts were obtained in advance and recorded in a database. The CID spectra of the monosaccharide and disaccharide lithium adducts produced from the dissociation of oligosaccharides were compared with those in the database for structural identification. For the structural determination of the sugar at the reducing end, which is labelled by 18 O, a separate database containing 18 O was used. The first, second, third and fourth injections of sample were used to obtain CID spectra of (b)-(e), (f), (g) and (h), respectively. The structure was assigned correctly according to the highest values of R scores shown in (i), and the details are shown in (j). The partial splitting of the peak highlighted in blue in (a) is due to different anomeric configuration of the sugar at the reducing end.
Oligosaccharide structural determination
The LODES for tandem MS of hexose trisaccharides, as illustrated in Fig. 3(a) , was programmed into the mass spectrometer for in situ structural determination of the trisaccharides eluted from HPLC. The mixture of three trisaccharides, 18 O-labelled α-Glc-(1→6)-α-Glc-(1→4)-Glc, 18 O-labelled α-Gal-(1→ 3)-β-Gal-(1→ 4)-Glc, and 18 O-labelled α-Man-(1→ 2)-α-Man-(1→ 6)-Man, was injected into a HPLC coupled with ESI-MS. Fig. 4 shows the chromatograms and CID mass spectra of these saccharides. Here we use the second oligosaccharide eluted from HPLC, highlighted in blue in Fig. 4(a) , as an example to demonstrate how a structure can be determined. Precursor ion m/z 513 suggests that it is a lithium adduct of 18 O labelled trisaccharide containing three hexoses. Ion m/z 331 observed in Fig. 4(c) suggests it is a linear trisaccharide, according to the MS 3 (1) of LODES in Fig. 3(a) . Fig. 4(f) , (g), and (h) show the CID spectra of monosaccharides at the reducing end, center, and non-reducing end of the trisaccharide, respectively. Comparison of these spectra with the monosaccharide database suggests that they are glucose, -glucose, and α-galactose, respectively. Large ion intensity of I(m/z 451) in MS 2 ( Fig.   4(b) )suggest that it is the fragmentation pattern of the glycosidic bond at the reducing end with (1→4) linkage. Ions m/z 351 and 349 represent the disaccharide at the reducing end (a disaccharide comprising monosaccharide units 2 and 1 of type I in Fig. 3(a) ) and the disaccharide at the non-reducing end (a disaccharide comprising monosaccharide units 3 and 2 of type I in Fig. 3(a) This method is rapid and sensitive, which is suitable for limited amount of oligosaccharides extracted from biological sample. Fig. 5 shows the chromatograms and CID mass spectra of free oligosaccharides extracted from bovine milk. The CID spectra were measured when the peak in the chromatograms appeared. Precursor ion m/z 554 suggests that it is a lithium adduct of 18 O labelled trisaccharide containing two hexoses and one HexNAc.
According to the LODES of trisaccharides containing two hexoses and one HexNAc (Fig. 3(b) ), fragment ion m/z 351 in CID spectrum of Fig. 5(b) suggests it is type III or IV trisaccharides, and fragment ion m/z 289 and 372 in CID spectrum 554→492→fragments (Fig. 5(c) ) indicates the trisaccharide is type III. 
Conclusions
The total number of isomers for hexose trisaccharides is 2376 by considering the possible monosaccharides (glucose, galactose, and mannose), linkages (1→2, 1→3, 1→4, and 1→6), branching location, and anomeric configurations (α and β) of all glycosidic bonds. The number of isomers increases to 3960 when one hexose is replaced by HexNAc (GlcNAc or GalNAc). In this study, we have 13 demonstrated that the complete structure of a given trisaccharide can be identified using CID tandem mass spectra guided by LODES. The necessary spectra for structural determination were all obtained during the time in which the trisaccharide was present in chromatograms of HPLC, although multiple sample injections were needed. In addition to the aforementioned oligosaccharides, we verified our method by another 13 trisaccharides. In the entire structural determination process, neither the assumption of possible oligosaccharide structure was made, nor structural constrains based on biological knowledge was used. It is a de novo method and the structural determination procedure is equivalent to blind test. This is the first time that the complete structures of oligosaccharides are determined using a simple MS approach.
Although more sample injections are expected when the oligosaccharides are larger than trisaccharides, the sensitivity improvement using nanospray ionization to increase the ionization efficiency and using a mass spectrometer with multiple ion traps (e.g., Orbitrap Fusion mass spectrometer, Thermo Fisher Scientific Inc.) to increase the sample usage duty cycle are two feasible methods for reducing the consumption of sample. Similar CID tandem mass spectra guided by LODES can be used to determine the structures of oligosaccharides containing other monosaccharides. This method is rapid and has high sensitivity. The entire procedure of mass spectrum measurement guided by LODES and spectrum comparison to database for structural assignment can be programmed in computer for automatically in situ structural identification, a goal that remains a great challenge in carbohydrate analysis.
